The cannabinoid receptor CB2 is predominately expressed in the immune system, and selective modulation of CB2 without the psychoactivity of CB1 has therapeutic potential in inflammatory, fibrotic, and neurodegenerative diseases. Here, we report the crystal structure of human CB2 in complex with a rationally designed antagonist, AM10257, at 2.8 Å resolution. The CB2-AM10257 structure reveals a distinctly different binding pose compared with CB1. However, the extracellular portion of the antagonist-bound CB2 shares a high degree of conformational similarity with the agonist-bound CB1, which led to the discovery of AM10257's unexpected opposing functional profile of CB2 antagonism versus CB1 agonism. Further structural analysis using mutagenesis studies and molecular docking revealed the molecular basis of their function and selectivity for CB2 and CB1. Additional analyses of our designed antagonist and agonist pairs provide important insight into the activation mechanism of CB2. The present findings should facilitate rational drug design toward precise modulation of the endocannabinoid system.
INTRODUCTION
The cannabinoid receptors CB1 and CB2 serve as key components of the endocannabinoid system and are the principal targets of the widely consumed plant-derived phytocannabinoid D
9
-tetrahydrocannabinol (D 9 -THC). CB1 is expressed throughout the body and is widely distributed in the central nervous system (CNS), whereas CB2 is mainly expressed in the immune system and, to a lesser extent, in the CNS (Atwood and Mackie, 2010; Cabral et al., 2008; Herkenham et al., 1990; Stempel et al., 2016; Van Sickle et al., 2005) . CB2 is emerging as an attractive therapeutic target for immunomodulation, the treatment of inflammatory and neuropathic pain, neuroinflammation, and neurodegenerative disorders (Contino et al., 2017; Guindon and Hohmann, 2008; Lunn et al., 2008) . Recent studies indicate that CB2 antagonists can ameliorate renal fibrosis (Zhou et al., 2018) and also delay tumor progression (Xiang et al., 2018) , indicating their potential as compounds for treating fibrotic conditions and cancer.
However, CB2 has a high degree of homology and shares 44% sequence identity with CB1 (Munro et al., 1993) . Many cannabinergic compounds interact with both CB1 and CB2, making it difficult to delineate the individual signaling contributions required to modulate the two receptors. In this report, we determined the crystal structure of CB2 in complex with a rationally designed CB2 antagonist. A comparative analysis of the antagonist-bound CB2 with our previously solved CB1 structures may clarify the determinants of ligand selectivity or function and will provide new insights into precise modulation of the endocannabinoid system for therapeutic applications.
RESULTS

Synthesis of the CB2 Stabilizing Antagonist AM10257 for Structural Studies
To facilitate the crystallization, we designed a high-affinity CB2 antagonist, AM10257, which was obtained through systematic optimization of SR141716A (Rinaldi-Carmona et al., 1994) , the first known CB1 antagonist (Figure 1A) . In our early work, we had shown that substituting the phenyl ring at the N-1 position of SR141716A with an alkyl group imparted CB2 affinity. Further lead optimization of this template led to AM10257, in which the 5-hydroxypentyl chain at the N-1 position transformed the CB1 antagonist into a CB2 antagonist. The modified amide group with the bulkier 1-adamantyl group at C-3 further enhanced the affinity for CB2 (Figure 1A) , facilitated stabilization of the ligand-CB2 receptor complex, and promoted CB2 crystal formation (Figures S1 and S2) .
AM10257 shows a high affinity (inhibition constant [K i ] = 0.08 nM for CB2), as determined by radioligand competition assays, against [ 3 H]-CP55,940 (K d = 0.86 nM) (Figure 1A) . Importantly, the binding affinity of the crystallized CB2 construct for AM10257 is still in the sub-nanomolar range (K i = 0.61 nM) (Figure S1F) . In assays assessing the regulation of adenylyl cyclase and b-arrestin2 recruitment, AM10257 acted as an inverse agonist and competitive antagonist at CB2 (Figures 1B and 1C ; Table S1 ).
Structural Determination of the CB2-AM10257 Complex
To obtain crystals of CB2, we replaced residues Ser222-Ala235 in the third intracellular loop (ICL3) of the receptor with T4-lysozyme to generate a CB2-T4L fusion construct. Five muta- STAR Methods) to further improve protein homogeneity and thermostability. Additionally, the N-terminal residues 1-20 and the C-terminal residues 326-360 were truncated to improve the crystal quality. Radioligand binding assays showed that these modifications had little effect on the binding affinity of CB2 toward AM10257, SR144528 (a potent and selective CB2 antagonist; Rinaldi-Carmona et al., 1998) , and CP55,940 (a CB2 and CB1 agonist) (Figure S1F ). Crystals of CB2-T4L in complex with AM10257 were grown in a lipidic cubic phase (LCP) cholesterol mixture and diffracted to 2.8 Å resolution (Table 1) .
Structural Features of CB2 in Complex with AM10257
The overall architecture of CB2 is comprised of a 7TM bundle (helices I-VII) and an intracellular amphipathic helix VIII (Figure 2A) . Although the intracellular portion adopts an inactive conformation similar to antagonist-bound CB1, the extracellular portions of antagonist-bound CB2 and CB1 are significantly (B) AM10257 acts as a competitive antagonist or inverse agonist at CB2 against CP55,940, a potent agonist, in the forskolin-stimulated adenylyl cyclase assay, as presented by the Schild plot, where logK B = À8.30 ± 0.05; (half maximal effective concentration [EC 50 ] for CP55,940 = 8.1 ± 0.6 nM).
(C) AM10257 acts in a manner consistent with a competitive antagonist or inverse agonist at CB2 in the b-arrestin2 recruitment assay. CP55,940: EC 50 : 3.4 ± 0.6 nM, the maximum response achievable from an applied or dosed agent [E max ] (fold): 2.5 ± 0.2; AM10257: EC 50 : 0.53 ± 0.29 nM, E max (fold): 0.70 ± 0.05. Data are presented as the mean ± SEM of 3 experiments performed in duplicate. See also Figures S1 and S2 and Table S1 .
different, most notably within helices I and II (Figure 2B; Figures S5A and S5B) . The non-truncated part of the N terminus in CB2, in contrast to the V-shaped loop in antagonist AM6538-bound (Hua et al., 2016) and taranabant-bound (Shao et al., 2016) CB1, forms a short helix over the orthosteric pocket with no direct involvement in antagonist binding ( Figure 2B ; Figure S5B ). Similar to CB1 (Hua et al., 2016 (Hua et al., , 2017 Shao et al., 2016) and the other two lipid binding receptors, sphingosine 1-phosphate receptor 1 (S1P1) (Hanson et al., 2012) and lysophosphatidic acid receptor 1 (LPA1) (Chrencik et al., 2015) , CB2 exhibits a constrained conformation of extracellular loop 2 (ECL2) that is stabilized by a disulfide bond (Cys174-Cys179) within ECL2 (Figure 2B ; Figure S5C ).
AM10257 Interactions in CB2 Ligand-Binding Pocket
In the CB2 structure, a strong electron density was observed in the orthosteric ligand-binding pocket ( Figure S1D ), enabling accurate placement of AM10257. The chemical scaffold of AM10257 consists of a core pyrazole ring substituted with three groups extending in different directions (''three-arm pose'') ( Figure 3A) . The interactions between AM10257 and CB2 are mainly hydrophobic and aromatic, consisting of residues from ECL2 as well as helices II, III, V, and VI ( Figures 3A and 3B Figures 3A and 3B ). The residues involved in AM10257 binding are nearly identical to those identified in the CB1 agonist-binding motif (Hua et al., 2017 greatly reduce the potency of the CB2 and CB1 agonist CP55,940 ( Figure 3C ).
Structural
Comparison with the Antagonist-Bound CB1 Receptor Although both AM10257 and AM6538 encompass the core pyrazole ring and a three-arm scaffold as in SR141716A, their binding poses in their respective receptors are quite different ( Figure 4A ). Instead of adopting the extended conformation of AM6538 in CB1 (Hua et al., 2016) , AM10257 assumes a more constrained binding pose in CB2 ( Figures 4C and 4D ). In addition, the AM10257 binding position in CB2 is more akin to those observed within the two lipid receptors, S1P1 and LPA1 bound to antagonists ML056 (Hanson et al., 2012) and ONO9780307 (Chrencik et al., 2015) , respectively (Figure S5C) . Compared with AM6538 in CB1, AM10257 within CB2 shifts toward helices III and IV by 6.1 Å using the pyrazole ring as reference (Figures 4A and 4B) . Synergistically, the extracellular parts of helices I and II experience a movement toward the ligand binding site, and residues Phe87 2.57 and Phe91 2.61 form hydrophobic interactions with arm 3 of AM10257. In contrast to the horizontally extended arm 3 in CB1, arm 3 of AM10257 assumes a nearly vertical pose in CB2, and the adamantyl group of AM10257 overlaps with the benzene ring of Phe102 N-term of CB1 in the superimposed structures. As a result, the N terminus of CB2 does not insert into the ligand-binding pocket, unlike the V-shaped loop in antagonist-bound (AM6538 or taranabant) CB1 (Hua et al., 2016; Shao et al., 2016) . In comparison, the molecular docking pose of SR144528 resembles the binding pose of AM10257 ( Figure S6A ) where the main difference is the 4-methylbenzyl of conformation in the antagonist-bound CB2 and CB1 structures ( Figure 4B ; Figure S4 ). Arm 1 of the three-arm scaffold antagonist AM10257 ( Figure 4B ) confines the side chain of Trp258 6.48 , a residue conserved in 68% of class A G-protein coupled receptors (GPCRs), to a relatively rare rotamer that has only appeared in muscarinic acetylcholine receptors (Kruse et al., 2012 (Kruse et al., , 2013 Thal et al., 2016) and two neurotensin receptor (White et al., 2012) structures ( Figure S5D ). The confined Trp258 6.48 conformation may restrict the outward movement of helix VI and stabilize the receptor in the inactive state. Conversely, in the AM6538-bound CB1 structure, arm 3 of AM6538 extends itself to push helices I and II outward, and, as a result, arm 1 is posi- functions as a latch to restrict the movement of Trp356 6.48 and locks CB1 in the inactive state. These observations explain the high CB2 and CB1 selectivity and unprecedented high affinity of these two antagonists for their respective receptors.
Structural Comparison with the Agonist-Bound CB1
Receptor Surprisingly, our AM10257-bound CB2 structure closely resembles the agonist AM11542-bound CB1 structure (Hua et al., 2017) in the extracellular portion ( Figure 5A ), and the antagonist-binding motif in CB2 exhibits greater resemblance to the agonist-binding motif in CB1 (Figure 5B) . The N termini adopt similar conformations, where each forms a short helix before Tyr24 N-term of CB2 or Phe108 N-term of CB1 ( Figure 5A ). Additionally, the volume of the CB2 antagonist-binding pocket (447 Å 3 ) is closer to that of the agonist AM11542-bound CB1 (384 Å 3 ) (Hua et al., 2017) than to the antagonist AM6538-bound CB1 (822 Å 3 ) (Hua et al., 2016; Figures 4C-4E) . The parameters correlate well (A) The three-arm scaffold of AM10257. The benzene ring, 5-hydroxypentyl group, and adamantyl group in the red, blue, and green squares are termed arm 1, arm 2, and arm 3, respectively. The key residues, which form binding interactions with the arms, are also shown. (B) Key residues (green sticks) involved in AM10257 (magenta sticks) binding. The water is shown as a red sphere, and the hydrogen bonds are shown as dashed lines. (C) Dose-response studies of CP55,940 activity for each mutant compared with wild-type CB2. As determined in parallel studies: WT EC 50 : 1.6 ± 0.1 nM, E max (fold): 2.2 ± 0.1; F87A EC 50 : 664.9 ± 57.4 nM, E max (fold): 2.4 ± 0.1; F91A EC 50 : 56.6 ± 5.5 nM, E max (fold): 2.4 ± 0.1; F94A EC 50 : 125.6 ± 11.6 nM, E max (fold): 2.3 ± 0.1; H95A EC 50 : 349.9 ± 29.5, E max (fold): 2.2 ± 0.1. Data are presented as mean ± SEM of more than 3 experiments performed in duplicate. See also Figures S3 and S5.
with the similar binding shapes of AM10257 and the CB1 agonist AM11542 as well as the nearly identical array of residues involved in AM10257 or AM11542 binding ( Figure 5B ). These observations inspired us to test the function of AM10257 within CB1, where we found it to behave as a CB1 partial agonist in the b-arrestin2 recruitment assay ( Figure 5C ).
Activation Mechanism of CB2
To delineate the activation mechanism of CB2, given the limited space for possible conformational changes of the ligand-binding pocket of CB2, we rationally designed two structurally related ligands, MRI2687 and MRI2594. These ligands only differ in arm 1 while featuring the extended central 6-methylbenzothiazole ring in MRI2687 and 4,5-dimethylthiazole ring in MRI2594 respectively ( Figure 6A ; Figure S2 ). Unexpectedly, MRI2687 behaves as an inverse agonist, whereas MRI2594 acts as an agonist on CB2 ( Figure 6C ). Molecular docking showed that these two ligands adopt similar binding poses within CB2 (Figure 6B ), wherein the different central rings reside in the same position as arm 1 of AM10257. MRI2687 resembles AM10257 in the crystal structure, whereas arm 1 of MRI2687 forms p-p interactions with the side chain of Trp258 6.48 and confines its conformation to a similar rotamer as in the CB2-AM10257 structure ( Figure 6B ). In contrast, because MRI2594 lacks a large substituent in arm 1, it does not extend sufficiently deep to constrain the conformation of Trp258 6.48 . This is consistent with our prediction that CP55,940 also has no moiety to constrain Trp258 6.48 in CB2 ( Figure S6B ).
Additionally, we performed molecular dynamic simulations (200 ns) of ligands used in this study and found that the rotamer of Trp258 6.48 supports this conclusion. The above analysis indicated a critical role of the toggle switch residue Trp258 6.48 during CB2 activation and an essential function of arm 1 of the ligand for CB2 antagonism. Interestingly, our functional data showed that MRI2687 also acts as a partial agonist on CB1 ( Figure 6D ), further supporting the notion that CB2 antagonist and CB1 agonist profiles probably occur in certain compounds (Ogawa et al., 2015) , representing a CB2 and CB1 yin-yang functional relationship. The physiological implications of such opposing activation profiles between CB1 and CB2 are worth exploring further.
DISCUSSION
The endocannabinoid signaling system has emerged as an important target for therapeutic drug development, although the design of receptor-selective ligands has remained a challenge. The present findings represent an important step toward the rational design of drugs interacting with cannabinoid receptors, both in terms of their CB1 and CB2 selectivity and their mode of action as agonists or antagonists/inverse agonists. First, resolution of the crystal structure of the CB2 receptor in complex with our high-affinity antagonist AM10257 has revealed that the CB2 antagonist-binding pocket is distinct, relatively smaller than the CB1 antagonist-binding pocket, and more similar with regard to size and the ligand-interacting residues to the CB1 agonist-binding pocket. This provides a rational explanation for the empirical findings of a high degree of CB1 and CB2 selectivity among cannabinoid receptor antagonists designed to date, and it also may account for the present finding that two structurally distinct CB2 antagonists display CB1 partial agonist activity. Given their lack of CB1 antagonist activity, CB2 antagonists should not elicit neuropsychiatric side effects similar to those that thwarted the clinical use of globally acting CB1 antagonists, such as rimonabant (Janero and Makriyannis, 2009) .
A second important finding revealed a molecular mechanism critical for CB2 activation. This was achieved through molecular docking and functional studies using a rationally designed pair of structurally related ligands that unexpectedly acted as a CB2 antagonist (MRI2687) or agonist (MRI2594) because of the length difference of their arm 1, which resulted in diverse interactions with the toggle switch residue Trp258 6.48 . Apart from providing strong support for the role of Trp258 6.48 in the activation of CB2, the overlapping binding pose of these two compounds also highlights a close similarity of the interacting residues involved in the binding of CB2 agonists and antagonists. This conclusion is also supported by previous homology-based studies of other CB2 agonist and inverse agonist pairs based on different chemical scaffolds (Han et al., 2015; Lucchesi et al., 2014) . Because of the aforementioned similarity between the CB2 antagonist and CB1 agonist binding pockets, by inference, the CB1 and CB2 agonist binding pockets are also likely similar. Such structural observations may explain the low level of CB1 and CB2 selectivity and the related psychotropic effects that are associated with CB1 activation for some of the classical cannabinoids and their synthetic analogs. Nevertheless, structure-based rational drug design could mitigate this problem by exploiting the subtle differences in interactions with critical residues within both receptors. Although the agonist-bound structure of CB2 remains to be determined, the knowledge obtained from the antagonist-bound CB2 crystal structure, along with the findings relating to the opposing effects of CB2 and CB1, should aid in the rational design of CB2-interactive ligands with improved functional selectivity.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Cell lines
Spodoptera frugiperda (Sf9) cells were used for CB2 expression and crystallization. Sf9 cells were grown in ESF 921 medium (Expression systems) at 27 C and 125 rpm. Binding and functional experiments were performed with either CHO-K1 cell lines (ATCC, female) or U2OS cell lines (PathHunter EA Parental Cell lines, female, DiscoveRx). CHO-K1 cells were maintained in DMEM/F12 media supplemented with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin, and 5 mg/ml puromycin for stable cell line selection (Invitrogen, Waltham, MA). U2OS cells were selected by geneticin selection (500 mg/ml) in MEM media supplemented with 10% FBS, 1% penicillin/streptomycin and 250 mg/ml hygromycin.
METHOD DETAILS
Synthesis and Characterization of AM10257 (Scheme 1) 4- 7 ]dec-1-yl-1H-pyrazole-3-carboxamide (2) To a magnetically stirred solution of 4-methyl-5-phenyl-1H-pyrazole-3-carboxylic acid (CAS RN: 879770-33-9) (1, 2 g, 10 mmol) and 1-adamantylamine (1.5 g, 10 mmol) dissolved in 80 mL of dichloromethane was added Hü nig's base (1.75 ml, 10 mmol) followed by O-(benzotriazol-1-yl)-N,N,N',N'-tetramethyluronium tetrafluoroborate (TBTU) (3.21 g, 10 mmol). The reaction mixture was stirred at room temperature for 30 min. The reaction contents were washed with 3 3 50 mL water and the organic layer was separated, dried over anhydrous sodium sulfate, filtered, and evaporated. The residue obtained was purified by flash column chromatography on silica gel to provide amide 2 as a white solid (2.1 g, 65%); m.p 272- 162.28, 145.16, 142.79, 129.77, 129.02, 128.59, 127.68, 114.93, 51.83, 41.85, 36.46, 29.72, 29.57, 9.40; ES m/z 336.4508 ([M + H] + .
To a magnetically stirred solution of 1H-pyrazole amide (2, 500 mg, 1.5 mmol) in 20 mL of DMF was added NaH (60% dispersion in mineral oil, 35 mg, 1.5 mmol) at 0 C and the contents were stirred for 1 hr. Subsequently, a solution of 5-bromo-1-pentanol (250 mg, 1.5 mmol) in 5 mL of DMF was added and the resulting mixture was stirred at 0 C for another 1 hr. The reaction mixture was quenched using brine, water (50 ml) was added to the mixture, and the contents were extracted with 3 3 50 mL dichloromethane. The combined extracts were washed with 50 mL water, and the organic layer was separated, dried over anhydrous sodium sulfate, filtered, and evaporated. Purification by flash column chromatography on silica gel generated AM10257 as a white solid (391 mg, 62%) 7, 143.1, 142.9, 129.9, 128.7, 116.8, 62.5, 51.6, 49.6, 41.8, 36.5, 32.0, 29.9, 29.5, 22.6, 22.3 Synthesis and Characterization of MRI2687 and MRI2594 (Scheme 2/3) General Procedure 1 Aminothiazole derivative (1 eq (equivalent, eq)) and 2-bromo ethanol (see Scheme, 1.5 eq) were heated in a sealed vessel at 90 C for 16 h. The resulting residue was triturated with the minimum amount of i-PrOH. The solid was filtered, dried under high vacuum, and used in the next step without further purification. 2,2,3,3-Tetramethylcyclo-propane acid (1 eq), Et 3 N (3 equiv.), and BOP (1.3 equiv.) were added to a suspension of the hydroxy alkyl 2-aminoimidazole (1 equiv.) in 7 mL of dichloromethane at room temperature, and the mixture was stirred at room temperature for 20 h. The reaction was quenched by the addition of 5 mL of water followed by extraction with dichloromethane (10 ml). The combined organic fractions were washed with 20 mL of brine, dried over Na 2 SO4, and concentrated by rotary evaporation. The obtained residue was purified by flash column chromatography (hexane:EtOAc 1:1) to give alcohol derivatives.
General Procedure 2
The alcohol derivatives were taken in dichloromethane and cooled to 0 C. Et 3 N (2 eq) was added followed by the addition of acetyl chloride (1.2 eq). After stirring at room temperature for 4 h, the reaction was quenched with NaHCO 3 and the organic layer was extracted with dichloromethane (10 ml). The organic fraction was washed with 5 mL of brine, dried over Na 2 SO4, and concentrated by rotary evaporation. The obtained residue was purified by flash column chromatography (hexane:EtOAc, 2:1) to give acetylated derivatives. (Horti et al., 2010) (3) 2- (4,5-dimethyl-2-((2,2,3,3-tetramethylcyclopropane-1-carbonyl) 
N-(3-(2-hydroxyethyl)-4,5-dimethylthiazol-2(3H)-ylidene)-2,2,3,3 tetramethylcyclopropane-1-carboxamide
imino)thiazol-3(2H)-yl)ethyl acetate (MRI2594)
Following
-(3-(2-hydroxyethyl)-6-methylbenzo[d]thiazol-2(3H)-ylidene)-2,2,3,3-tetramethylcyclopropane-1-carboxamide (4)
Following General Procedure 2, 2amino-6-methylbenothiazole (1.0g, 6.0 mmol) gave compound 4 (600 mg, 30%) as a white powder over two steps. 8, 166.4, 134.2, 133.8, 127.9, 126.7, 122.9, 110.6, 62.5, 48.6, 42.5, 31.9, 23.9(2C) -(6-methyl-2-((2,2,3,3-tetramethylcyclopropane-1-carbonyl) 375.1742. X-Ray data: The single crystal X-ray diffraction studies were carried out on a Bruker Kappa APEX-II CCD diffractometer equipped with Cu K radiation (l = 1.5478). A 0.213 3 0.57 3 0.054 mm piece of a colorless rod was mounted on a Cryoloop with Paratone oil. Data were collected in a nitrogen gas stream at 100(2) K using f and 6 scans. Crystal-to-detector distance was 40 mm using variable exposure time (5 s-10 s) depending on q with a scan width of 2.0 . Data collection was 98.5% complete to 68.00 in q. A total of 11,685 reflections were collected covering the indices, À9 % h % 9, À11 % k % 11, À16 % l % 16. 3402 reflections were found to be symmetry independent with a R int of 0.0270. Indexing and unit cell refinement indicated a primitive, triclinic lattice. The space group was found to be P-1. The data were integrated using the Bruker SAINT software program and scaled using the SADABS software program. Solution by direct methods (SHELXT) produced a complete phasing model consistent with the proposed structure. All nonhydrogen atoms were refined anisotropically by full-matrix least-squares (SHELXL-2014). All hydrogen atoms were placed using a riding model. Their positions were constrained relative to their parent atom using the appropriate HFIX command in SHELXL-2014. Atomic coordinates for MRI2687 have been deposited with the Cambridge Crystallographic Data Centre (deposition number: 1856556). Copies of the data can be obtained, free of charge, on application to CCDC, 12 Union Road, Cambridge, CB2 1EZ, UK [fax: +44(0)-1223-336033 or e-mail: deposit@ccdc.cam.ac.uk.
imino)benzo[d]thiazol-3(2H)-yl)ethyl acetate (MRI2687)
Protein Engineering for Structural Studies
The codon-optimized human CB2 gene (Genewiz) was cloned into a modified pFastBac1 vector (Invitrogen) with the haemagglutinin (HA) signal sequence at the N terminus and a PreScission protease site followed by a 10 3 His-tag and a Flag tag at the C terminus. To facilitate crystallization, T4-lysozyme was fused into the third intracellular loop (ICL3) of CB2 (Ser222-Ala235) with the truncation of the N-terminal residues 1-20 and the C-terminal residues 326-360. The CB2-T4L gene was further modified by introducing five mutations Gly78 2.48 Leu, Thr127 3.46 Ala, Thr153 4.45 Leu, Arg242 6.32 Glu and Gly304 8.48 Glu. The mutations were rationally designed using sequence-based and structure-based modules of the CompoMug V0.1 computational tool for prediction of stabilizing mutations (Popov et al., 2018) .
Protein Expression and Purification
The modified CB2-T4L protein was expressed in Spodoptera frugiperda (Sf9) insect cells using the Bac-to-Bac Baculovirus Expression System (Invitrogen). Sf9 cells were infected at a cell density of 2$2.5 3 10 6 cells per ml with high-titer viral stock MOI (multiplicity of infection) of 5.0. Cells were harvested by centrifugation for 48 hr post-infection and stored at À80 C for future use. Frozen cell pellets were thawed and lysed by repeated washing and centrifugation in the hypotonic buffer of 10 mM HEPES (pH 7.5), 10 mM MgCl 2 , 20 mM KCl, and the high osmotic buffer of 10 mM HEPES (pH 7.5), 1.0 M NaCl, 10 mM MgCl 2 , 20 mM KCl, with EDTA-free complete protease inhibitor cocktail tablets (Roche). The washed membranes were suspended in hypotonic buffer with 30% glycerol, flash-frozen with liquid nitrogen and stored at À80 C. Purified membranes were thawed at room temperature and incubated with 20 mM AM10257 and inhibitor cocktail at 4 C for 3 hr. The membranes were further incubated with 1.0 mg/ml iodoacetamide (Sigma) for 1 hr and were solubilized in the buffer containing 50 mM HEPES (pH 7.5), 500 mM NaCl, 0.75% (w/v) lauryl maltose neopentyl glycol (LMNG, Anatrace) and 0.15% (w/v) cholesterol hemisucinate (CHS, Sigma-Aldrich) at 4 C for 2.5-3 hr. The supernatant was isolated by ultracentrifugation, and then incubated with TALON IMAC resin (Clontech) and 20 mM imidazole, at 4 C overnight. The resin was washed with 15 column volumes of washing buffer I containing 25 mM HEPES (pH 7.5), 500 mM NaCl, 10% (v/v) glycerol, 0.1% (w/v) LMNG, 0.02% (w/v) CHS, 30 mM imidazole and 20 mM AM10257, and 15 column volumes of washing buffer II containing 25 mM HEPES (pH 7.5), 500 mM NaCl, 10% (v/v) glycerol, 0.03% (w/v) LMNG, 0.006% (w/v) CHS, 50 mM imidazole and 20 mM AM10257. The protein was eluted using 3 column volumes of elution buffer containing 25 mM HEPES (pH 7.5), 500 mM NaCl, 10% (v/v) glycerol, 0.01% (w/v) LMNG, 0.002% (w/v) CHS, 250 mM imidazole and 25 mM AM10257. The purified receptor was then concentrated to 20 mg ml À1 using a 100kDa cut-off concentrator (Sartorius) for crystallization trials.
Crystallization in Lipidic Cubic Phase
Crystallization was performed using the lipidic cubic phase (LCP) method (Caffrey and Cherezov, 2009) . The concentrated CB2 protein in complex with AM10257 was reconstituted into LCP by mixing with molten lipid (90% (w/v) monoolein and 10% (w/v) cholesterol) at volume ratio of 2:3 using a syringe mixer. The mesophase was dispensed onto 96-well glass sandwich plates in 50 nL drop and overlaid with 800 nL precipitant solution using an NT8-LCP crystallization robot (Formulatrix). Plates were incubated and imaged at 20 C using an automated incubator/imager (RockImager, Formulatrix). Crystals were obtained from precipitant conditions containing 100 mM sodium cacodylate trihydrate pH 6.2, 40% PEG 400, 400 mM lithium sulfate monohydrate, and reached a full size of 200 mm after 2 weeks. Crystals were harvested from the LCP matrix using MiTeGen micromounts and immediately flash frozen in liquid nitrogen.
Data Collection and Structure Determination X-ray diffraction data were collected at the Spring-8 beam line 41XU and Diamond beam line I24, using a Pilatus3 6M detector (X-ray wavelength 1.0000 Å ). A rastering and data-collection strategy was followed as previously described (Cherezov et al., 2009) . Diffraction images were indexed, integrated and scaled using XDS (Kabsch, 2010a, b) and merged using XPREP. Initial phase was obtained by molecular replacement (MR) with Phaser (McCoy et al., 2007) using the T4L structure (PDB: 2LZM) as search model. The structure determination was completed iteratively by manually modeling the CB2 domain in the program COOT (Emsley et al., 2010) using both j2F o j-jF c j and jF o j-jF c j maps and refined with Phenix (Adams et al., 2010) and Buster (Smart et al., 2012) .
Radioligand Binding Assay
Stably transfected HEK293F cell lines expressing the hCB2 WT receptors and the Sf9 membrane for crystallized CB2 receptors were used for saturation and competition binding assays with [
3 H]-CP55,940 (specific activity: 81.1 Ci/mmol, NDSP, NIDA). Binding assays were performed in a 96 well plate format wherein hCB2 membrane pellets were resuspended in TME buffer (25 mM Tris-HCl, 5 mM MgCl 2 , 1mM EDTA, pH7.4) with 0.1% BSA (TME-BSA) and aliquots of resuspended membranes (containing 25 mg or 8 mg protein for WT hCB2 or the crystallized CB2 receptors, respectively) were added to each assay well. [
3 H]-CP55,940 was diluted in TME-BSA at concentrations ranging from 0.75 -23.5 nM (WT hCB2) or 0.25 to 254 nM for crystallized CB2. Nonspecific binding was evaluated in the presence of 5 mM unlabelled CP55,940. The assays were performed at 37 C for 1 hr prior to collection of membranes by rapid filtration, washing and scintillation facilitated detection of tritium retained on the membranes according to standard procedures (Hua et al., 2016; Mercier et al., 2010; Pei et al., 2008) . Bound radioactivity was quantified using a Packard TopCount Scintillation Counter (Perkin Elmer). Nonlinear regression analysis was used to calculate B max (pmol/mg protein) and K d ; values were determined by fitting the saturation binding data to a one site binding equation using GraphPad Prism (GraphPad Software, San Diego, CA), n = 3.
CB2 Cell Line Generation for Functional Studies
CHO cell lines expressing human CB2 receptors were generated and maintained as described previously (Hua et al., 2016) . Briefly, the 3xHA (haemagglutinin)-N-terminus tagged human CB2 (3xHA-hCB2) cDNA purchased from cDNA.org was subcloned into a MSCV retroviral vector (pMSCV-puro, Clontech). Point mutations were introduced by using Q5 site-Directed Mutagenesis kit (New England Biolabs) (Gly78 For generation of the U2OS-hCB2 DiscoveRx cell line, the 3xHA-hCB2 cDNA was first subcloned into the pCMV-ProLink 1 Vector. Then, the plasmid was transfected into PathHunter â EA Parental Cell Lines by electroporation. Transfected cells were subjected to flow cytometry to select the cell population with high expression levels of 3xHA-hCB2 after geneticin selection (500 mg/ml) in MEM media supplemented with 10% FBS, 1% penicillin/streptomycin and 250 mg/ml hygromycin. Cell-surface expression of the HA-tagged hCB2 receptors in CHO-K1 cells or PathHunter â EA Parental U2OS cells was visually confirmed by confocal microscopy. Briefly, cells were stained by anti-HA-Alexa 488 antibody (1:100, Thermo Fisher Scientific) for 10 min at 37 C after serum starvation in DMEM/F12 or MEM media for 60 min at 37 C. Cells were then fixed by 4% paraformaldehyde and subjected to nucleus staining by Hoechst (1:1000) for 10 min at room temperature.
Cyclic AMP (cAMP) Accumulation Assay Inhibition of forskolin-stimulated cAMP was determined using CISBIO â cAMP Homogeneous Time-Resolved Fluorescence resonance energy transfer (FRET) (HTRF) HiRange assay according to the manufacturer's instructions (Cisbio Assays, Bedford, MA). 5000 CHO-hCB2 cells were plated in low-volume 384-well plates with Opti-MEM media supplemented with 2% BSA after suspended in 5 mM EDTA/PBS and washed twice with PBS. Cells were then cotreated at room temperature for 30 min with 25 mM RO-20-1724 (phosphodiesterase inhibitor), and 20 mM forskolin (Sigma-Aldrich); test compounds were dissolved in DMSO and diluted to final solvent concentrations of 1% at concentrations ranging from 0.03 -10,000 nM for 10 min at room temperature. Cells were then incubated with cAMP-d2 antibody in assay diluent and cryptate solution in lysis buffer for 60 min at room temperature (Cisbio Assays). Fluorescence was measured at 620/665 nm using a Perkin-Elmer EnVision plate reader (Waltham, MA). FRET was calculated as fluorescence at 665/620 nm. Vehicle (1% DMSO) treated cells in the presence of forskolin served as the vehicle-treated control and data are normalized as fold over vehicle or as the percent of CP55,940 maximal stimulation (all studies were performed with CP55,940 curves run in parallel to assure cellular performance). For antagonist competition studies, both agonist and antagonist were added simultaneously (Hua et al., 2017; Hua et al., 2016) .
b-arrestin2 Recruitment Assay
For b-arrestin2 enzyme fragment complementation, the PathHunter â b-arrestin assay was performed following the manufacturer's protocol (DiscoveRx). Briefly, U2OS-barrestin2-EFC-hCB2 cells were plated at 5000 cells per well in Bio-one CELLSTAR 384 well white plates (Greiner) in AssayComplete Cell Plating 2 Reagent (DiscoveRx) overnight at 37 C. The next day, cells were treated with compounds at the indicated doses (prepared as described for cAMP assay) at concentrations ranging from 0.03 -10,000 nM for 90 min at 37 C followed by 1 hr incubation of PathHunter detection reagent at room temperature protected from light. Luminescence levels were determined by using a Synergy HT luminometer (BioTek, Winooski, VT) (Hua et al., 2016) . All data points are normalized to vehicle only controls (1% DMSO) included in the assay; all studies were performed with CP55,940 curves run in parallel to assure cellular performance.
Quantitative Flow Cytometry
Parental CHO-K1 cells or CHO-K1 cells expressing WT or mutant hCB2 receptors were serum starved with DMEM/F12 media (Invitrogen) for 30 min at 37 C. The cells were then suspended with 5 mM EDTA/DPBS, centrifuged at 2,000 rpm for 2 min and then resuspended with serum free DMEM/F12 media for 30 min immunostaining with anti-HA-Alexa 488 antibody (1:250, Thermo Fisher Scientific) at 37 C followed by two washes with 5 mL of DPBS. The cells were then resuspended with 500 ml of ice-cold flow buffer containing 1 mM EDTA, 1% FBS and 10 ng/ml DAPI nuclear stain in DPBS. The receptor expression on the cell surface was evaluated by quantitative flow cytometry by using the Beckman Coulter's Gallios flow cytometer. 50,000 events were recorded for each cell line, and the data were analyzed using the FlowJo software. The data were presented as the percentage of positivefluorescent cells recorded from the 50,000 events (CHO-WT hCB2 = 93.6%, parental CHO = 0.01%) and the percentage relative to the CHO-WT hCB2 cell line (100%).
Molecular Docking of Cannabinoid Receptor Ligands
Prediction of ligand binding to CB2 was done with Scrodinger Suite 2015-4. Processing of the protein structures was performed with the 'Protein Preparation Wizard'. Converting of ligands from 2D to 3D structures was performed using 'LigPrep'. Molecular docking was performed with Glide 6.9 (Friesner et al., 2004 (Friesner et al., , 2006 Halgren et al., 2004) for molecular docking.
Molecular Dynamics Simulations of CB2 in Complex with Ligands
Molecular dynamics simulation was performed using GROMACS 5.1.2 (Abraham et al., 2015) with force field CHARMM36 (Best et al., 2012) . The topology files of ligands were generated using the CGenFF tool (Vanommeslaeghe et al., 2010; Yu et al., 2012) and converted to GROMACS format with the cgenff_charmm2gmx script (http://mackerell.umaryland.edu/download.php?filename= CHARMM_ff_params_files/cgenff_charmm2gmx.py). CB2 in complex with AM10257 (crystal structure) in the pocket was embedded into a pre-equilibrated POPC (1-palmytoil-2-oleoyl-sn-glycerol-3-phosphatidylcholine) lipid bilayer with TIP3 water molecules using the 'membed' tool in GROMACS program. Sodium ions were added to 0.15 M in water, and chloride ions were added to neutralize the system. Molecular Dynamics simulations were performed in the NPT ensemble, at temperature of 310 K and pressure of 1 atm using semi-isotropic coupling. First, each system was balanced in position-restrained MD for 15 ns (total energy was stable). Then 200 ns molecular dynamics simulations with no position restraints were performed to each system for two independent runs, and these trajectories are used for analysis.
QUANTIFICATION AND STATISTICAL ANALYSIS
Data analysis was performed in Prism 7 (GraphPad, La Jolla, CA) to produce sigmoidal concentration-response curves by using the standard three-parameter equation with the exception of the Schild analysis in Figure 1B ; wherein data were fit to a four parameter nonlinear regression allowing for a variable slope for subsequent Schild analysis. The values of EC 50 and E max (fold over basal) for all compounds were obtained for individual experiments performed in duplicate and then averaged and presented as the mean ± SEM (N R 3). Statistical analyses comparing the data obtained for individual experimental EC 50 and E max between WT and mutant hCB2 cell lines were performed using one-way ANOVA followed by Dunnett's post hoc test in Prism 7.
DATA AND SOFTWARE AVAILABILITY
Data Resources
The accession number for the coordinates and structure factors of CB2-AM10257 is PDB: 5ZTY. 
